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Abstract 

Ferulic acid (FA), a component of hemicellulose in plant cell walls, is a phenolic acid with several potential applications 
based on its antioxidant properties. Recent studies have shown that feruloyi esterase (FAE) is a key bacterial enzyme 
involved in FA production from agricultural biomass. In this study, we screened a library of 43 esterases from Streptomyces 
species and identified two enzymes, R18 and R43, that have FAE activity toward ethyl ferulate. In addition, we characterized 
their enzyme properties in detail. R18 and R43 showed esterase activity toward other hydroxycinnamic acid esters as well, 
such as methyl p-coumarate, methyl caffeate, and methyl sinapinate. The amino acid sequences of R18 and R43 were 
neither similar to each other, nor to other FAEs. We found that R18 and R43 individually showed the ability to produce FA 
from corn bran; however, combination with other Streptomyces enzymes, namely xylanase and ot-L-arabinofuranosidase, 
increased FA production from biomass such as corn bran, defatted rice bran, and wheat bran. These results suggest that Rl 8 
and R43 are effective FAEs for the enzymatic production of FA from biomass. 
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Introduction 

Ferulic acid (4-hydroxy-3-methoxycinnamic acid, FA) is a 
phenolic acid that is found abundantly in the hemicellulose of 
plant cell walls, where it cross-links arabinoxylan molecules via 
arabinose residues, in addition to others, within the Poaceae plant 
family. FA has potential therapeutic applications due to its 
antioxidant and anti-inflammatory properties [1]. FA moderates 
oxidative stress and inflammation in Alzheimer's disease [2,3] as 
well as reduces DNA damage from irradiation in mammalian cells 
[4]. FA is also used to produce the flavoring agent vanillin by 
microbial conversion [5,6]. 

Enzymatic production of FA from biomass has been reported 
previously [7,8], and feruloyi esterase (FAE) has been identified as 
a key enzyme in the process [9]. FAE is found in Aspergillus 
species such as ^. niger [10],^. awamori [11,12], and ^. oryzae 
[13]. FAEs are classified into four subgroups. A, B, C, and D, 
according to their amino acid sequences and substrate specificity 
[13]. In addition, FAEs from Streptomyces species have also been 
reported [14,15], however, genetic information on Streptomyces 
FAEs relative to FAE activity is still unclear. 



Streptomyces is a widely used bacterium and the genomic 
sequences of several Streptomyces species have been identified 
[16,17]. Several genes that code for useful enzymes have been 
identified within the Streptomyces genome that are not usually 
expressed under normal culture conditions. We constructed the 
enzyme expression system in Streptomyces using pTONA vector 
[18]. This system was able to express Streptomyces genes as 
extracellular proteins. 

In this study, we screened 43 esterases from a Streptomyces 
esterase library based on the Streptomyces genome. We found two 
new esterases (i.e., R18 and R43) that had feruloyi esterase activity 
toward ethyl ferulate. We characterized these enzymes with 
respect to optimal pH, optimal temperature, and thermal 
stabihzation. Further, we investigated their substrate specificities 
using ethyl ferulate and methyl-esters of other hydroxycinnamic 
acids as substrates. In addition, we investigated FA production by 
R18 and R43 from agricultural biomass such as corn bran, 
defatted rice bran, and wheat bran. 
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Figure 1. Screening of feruloyi esterases from a Streptomyces esterase library. 

doi:1 0.1 371 /journal.pone.01 04584.g001 



Materials and Methods 

Materials 

Ethyl ferulate and methyl j&-coumarate were purchased from 

Tokyo Kasei (Tokyo, Japan). Methyl ferulate and methyl caflFeate 
were purcha.sed from Santa Cruz (Diillas, Texas, USA). Methyl 
sinapinate was purchased from Apin Ch(-micals (Abingdon, Oxon, 
UK). Methyl vaniUate was purchased from Wako (Osaka, Japan). 
Nitrophenyl butyrate (j!)NPB) was purchased from Sigma (St. Louis, 
MO, USA). The Streptomyces esterase genes stx-I (ABl 10643) [19] 
and slx-lV (AB 1 1 0643) [20] were expressed by u.sing the expression 
vector pTONA5 [18]. Rice bran and com bran were provided by 
the Satake Corporation (Higashi-Hiroshima, Japan). 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and N-terminal amino acid 
sequence analysis of R18 and R43 

SDS-PAGE was carried out in 12% (w/v) gel at room 
temperature (Bio-Rad; Hercules, CA, USA) per the manufactur- 



R1SR43 




Figure 2. SDS-PAGE analysis of R18 and R43. Lane 1: protein 
standard; Lane 2: R18; Lane 3: R43. Powdered enzyme (100 ng) was 
dissolved in distilled water and loaded onto each lane. 
doi:1 0.1 371/journal.pone.01 04584.g002 



er's instructions. The gel was stained with GelCode Blue Stain 
Reagent (Thermo Fisher Scientific; Lafayette, CO, USA). R18 
and R43 were transferred onto a polyvinylidene difluoride 
membrane after SDS-PAGE and loaded onto a protein sequencer 
(Shimadzu Corp.; Kyoto, Japan) to identify the N-terminal amino 
acid sequences. 

Enzyme assay 

For the assay of FAE activity, ethyl ferulate was used as the 
substrate. Powdered enzyme R18 or R43 (10 mg) was dissolved in 
1 mL water. The protein concentrations of R18 and R43 were 
1.73 mg/mL and 1.44 mg/mL, respectively. The reaction mix- 
ture consisted of 5 JtL enzyme, 4 mM ethyl ferulate, and 50 mM 
Tris maleate buffer in a total volume of 200 |a,L. The R18 and R43 
mixtures were incubated for 30 min at 50°C and for 30 min at 
40°C, respectively. For thermostability measurement, the reaction 
mixture was incubated at 0-70°C without ethyl ferulate, and FAE 
activity was measured. The released phenolic compounds were 
measured by high-performance Uquid chromatography (HPLC). 
One unit of enzyme activity was defined as the amount of enzyme 
that released 1 |imol of FA per minute. For the assay of the activity 
of other hydroxycinnamate esters, methyl ferulate, methyl cafFeate, 
methyl ^-coumarate, methyl sinapinate, and methyl vaniUate were 
used as substrates. The assays were performed using the procedure 
described above for FAE. A general esterase assay using j!)NPB as 
substrate was performed, and the released j!<-nitrophenol was 
quantified by measuring the absorbance at 410 nm. 

HPLC and LC-mass spectrometry (MS) analysis 

The components of the reaction mixture were separated using 
HPLC with a Symmetry Cis column (3.5 |J.m, 2.1x50 mm; 
Waters; Milford, MA, USA) maintained at 40°C. The separation 
was performed within 5 min, using a linear gradient of 0. 1 % 
formic acid in water containing from \Q% to 60% acetonitrile, at a 
flow rate of 0.3 mL/min. The separated FA, caffeic acid, p- 
coumaric acid, and sinapic acid were detected at 322 nm. The 
separated vanillic acid was detected at 250 nm. The LC-MS 
spectra of FA and diferulic acid (di-FA) were detected by 
electrospray ionization in the positive-ion model (ESF*) at an m/ 
z ratio of 195.2 and 385, respectively. 

Enzymatic hydrolysis of biomass 

All biomasses were pretreated at 99°C for 5 min. The 800-|iL 
reaction mixture consisted of 10 mg biomass, 5-20 mg powdered 
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Figure 3. Characterization of the FAE activity of R18 and R43. Effect of temperature (A) and pH (B) on the FAE activity of R18 and 
thermostability (C). Effect of temperature (D) and pH (E) on the FAE activity of R43 and thermostability (F). Averages from three independent 
experiments are shown. Error bars represent standard deviations. 
doi:1 0.1 371 /journal.pone.01 04584.g003 



Table 1. Effect of metal ion/effectors in R18 and R43. 



Metal Ion/effectors 


Relative activity (%) 






R18 


R43 


Control 


100±3.1 


100 ±2.4 


Na+ 


101.6±1.4 


99.4±2.7 


K+ 


89.4±2.6 


96.2±0.7 


Ca=* 


97.2±5.9 


95.9 ±0.4 


Co^* 


71.4±1.7 


87.5 ±1.5 


Fe'* 


32.6±0.2 


83.1 ±2.4 


Mg^+ 


95.0±9.4 


99.6±1.5 




86.0±2.5 


95.1 ±1.6 


Zn^+ 


3.9±0.0 


3.1 ±0.1 


Ni^+ 


72.3±0.9 


88.8±1.1 


EDTA 


99.0±4.7 


101.0±1.8 


EGTA 


105.5±3.5 


97.4±1.8 


PMSF 


45.9±2.9 


56.6±3.8 



doi:1 0.1 371 /journal.pone.01 04584.t001 



PLOS ONE I www.plosone.org 3 August 2014 | Volume 9 | Issue 8 | e104584 



Two FeruloyI Esterases from Streptomyces sp. 



00 in 00 



vO ^ ^ 



+ 1 

s 



CM CO -— 



^ ^ ^ O 



<X> 0\ T- T- 

a\ m m 



E E E E £ 



c o 
Q. 9 

CU 0) 



o ^ 



enzyme R18 or R43, 5 mg powdered enzymes STX-I and STX- 
IV, and 50 mM Tris maleate buffer (pH 7.0). After incubating the 
reaction mixture for 24 h at 40°C with mixing at 1400 rpm, the 
supernatant was collected after centriftigation. The supernatant 
was diluted with 0. 1 % formic acid in water. The released FA was 
measured by HPLC. 

DNA accession numbers 

The accession numbers assigned to the sequences in the DNA 
Data Bank of Japan (DDBJ) database are as follows: R18, 
AB921569; R43, AB921570. 

Statistical analysis 

The significance of the differences in mean values of FA 
produced and FAE activity between groups was assessed by the 
Student's i-test. Differences were considered significant at P<0.05. 

Results and Discussion 

Screening of FAE activity from the Streptomyces esterase 
library 

The esterases coded by the Streptomyces genome were expressed 
using the Streptomyces protein expression system [20]. We 
screened for enzymes showing FAE activity, using ethyl ferulate 
as substrate. Almost all the actinomycetes enzymes tested indicated 
an optimal temperature of approximately 50°C and optimal pH of 
6-7 [19,20,21], the enzyme reactions were performed at 50°C for 
10 h at pH 7. Among the 43 enzymes tested, R18 and R43 
indicated high FAE activity (Fig. 1). R18 is a putative esterase 
from S. cinnamoneus and consists of 383 amino acids. A signal 
sequence was estimated at the N-terminal of the R18 sequence, 
and the size of the extraceUularly expressed enzyme was 
approximately 38 kDa, which corresponded to the weight of the 
protein without the signal sequence (Fig. 2). The analysis of the N- 
terminal sequence of R18 indicated that amino acid residue 42 
was the N-terminal of the R18 protein. R43 is another putative 
esterase from S. cinnamoneus and consists of 498 amino acids. 
The size of the extraceUularly expressed enzyme in this case was 
approximately 52 kDa, which corresponded to the fuU estimated 
size of R43 enzyme (Fig. 2). Interestingly, although R43 has no 
signal peptide for secretion, the enzyme was secreted by the 
Streptomyces protein expression system [18]. The analysis of the N- 
terminal sequence of R43 indicated that the first amino acid 
residue was the N-terminal of the R43 protein. Gel filtration 
results indicated that R18 and R43 had FAE activity as monomers 
(data not shown). The R18 sequence shared 43.2-46.4% amino 
acid sequence identity with putative lipases of S. coelicolor, S. 
lividans, S. clavuligerus and 5. griseus (Fig. SI). The R43 
sequence shared 42.0-55.8% amino acid sequence identity with 
putative carboxylesterases of 5. coelicolor, S. lividans, S. 
avermitilis and S. griseus (Fig. S2). The amino acid homology 
between R18 and R43 was very low (20.3%). Although a serine 
protease motif, "GlyXSerXGly" was identified in R18 and R43 
amino acid sequences, other catalytic active site were not clear. In 
addition, the sequences of R18 and R43 were not assigned to the 
FAE class of proteins based on their amino acid sequences because 
they did not share sequence similarity with known FAEs. To 
clarify the catalytic mechanism of Streptomyces FAE and the 
difference from other FAE, we are attempting the analysis of 
crystal structure of R18. 

Characterization of R18 and R43 FAE activity 

We investigated the FAE activity of R18 and R43 at different 
pH and temperature conditions. The FAE activity of R18 was 
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Figure 4. FA production from corn bran by Streptomyces FAEs. FA production from corn bran by R18 and R43 (A). Combination effect of 
xylanase (STX-I) and a-L-arabinofuranosidase (STX-IV) on FA production from corn bran by treatment with R18 and R43 (B). Effect of pretreatment by 
STX-I and STX-IV on FA production from corn bran by treatment with R18 and R43 (C) The pretreatment of STX-1 and STX-IV was performed during 
8 h, 12 h and 16 h. Bars indicate the averages of three independent experiments. Error bars represent standard deviations. 
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measured at pH 2.5-8, and the optimal pH was found to be 7.5 
(Fig. 3A). The temperature range measured was 30-60°C, and the 
optimal temperature was 50°C (Fig. 3B). R18 was thermally stable 
at 45°C and completely inactive at 60"C for 30 min (Fig. 3C). 

The FAE activity of R43 was measured at pH 2.5-8, and the 
optimal pH was 7.0 (Fig. 3D). The temperature range measured 
was 20-60°C, and the optimal temperature was 40 °C (Fig. 3E). 
R43 was completely inactivated at 40°C for 30 min (Fig. 3F). The 
FAE activity of both R18 and R43 lasted for 5 h in the presence of 
ethyl ferulate at 40°C (Fig. S3), suggesting that R43 in the presence 
of the substrate is stable at 40°C. 

Effect of metal ion and effectors on FAE activity 

Next, we evaluated the effect of several metals, ethylenedi- 
aminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid 
(EGTA), and phenylmethylsulfonyl fluoride (PMSF) on the FAE 
activity of R18 and R43. Among the metals we tested, zinc 



remarkably reduced the activity of R18 and R43 (Table 1). There 
were no metal ions capable of activating the FAE activity, whereas 
EDTA and EGTA did not affect the activity of R18 and R43 
(Table 1). PMSF, a serine enzymes inhibitor including serine 
protease, lipase and esterase, reduced the FAE activity of R18 and 
R43 to 45.9% and 56.6%, respectively (Table 1). Therefore, we 
concluded that R18 and R43 belong to the family of serine 
esterases. 

Substrate specificity and kinetics of R18 and R43 

To evaluate the substrate specificity and kinetics of R18 and 
R43, ethyl ferulate, methyl ferulate, methyl ^-coumarate, methyl 
caffeate, methyl sinapinate, methyl vanillate, and j!)NPB were used 
as substrates for R18 and R43. Among the five types of 
hydroxycinnamic acid esters, both R18 and R43 showed their 
highest activity toward methyl ferulate (23.07 mU/mg for R18 
and 19.8 mU/mg for R43), and the values toward methyl 
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Figure 5. FA production from biomass by Streptomyces FAEs. 

Bars indicate the averages of three independent experiments. Error bars 
represent standard deviations. 
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ferulate were 4.99 mM and 4,41 mM, respectively (Table 2). 
Methyl jf)-coumarate, methyl cafTeate, and methyl sinapinate were 
hydrolyzed by R18 and R43, although the esterase activity of both 
enzymes was lower than their FAE activity (Table 2). The esterase 
activity of R18 toward all hydroxycinnamic acid esters was higher 
than that of R43 (Table 2). However, R18 and R43 displayed low 
esterase activity toward methyl vanillate (1.89 mU/mg for R18 
and 0.37 mU/mg for R43), and the corresponding K„, values were 
not estimated. These results suggest that R18 and R43 prefer 
cinnamic acid esters as substrates rather than vanillic acid esters. 
The esterase substrate jtiNPB was tested with both R18 and R43, 
but only R43 was active against it (0.49 mU/mg, Table 2). The 
classification of proteins into the classes of FAE is based on their 
amino acid sequence and substrate specificity [13,22]. R43 also 
has broad substrate specificity, similar to R18. These results 
suggest that R18 and R43 belong to FAEs type C or D. 

Release of FA from agricultural biomass by R18 and R43 

We attempted the production of FA from biomass such as corn 
bran by treatment with R18 or R43. It has been reported that the 
combination of xylanase, a-l-arabinofuranosidase, and FAEs leads 
to increased FA production from biomass [7,8,23]. Therefore, we 
also tested FA production from biomass by using a combination of 
the xylanase STX-I and the a-L-arabinofuranosidase STX-IV 
with either R18 or R43. Since R18, R43, STX-I, and STX-FV are 
active at 40°C and pH 7, these enzymatic reactions were 
performed at 40°C for 24 h in a buffer at pH 7. When corn bran 
was treated with R18 or R43 alone, the production of FA 
increased in a dose-dependent manner (Fig. 4A). The production 
of FA by treatment with 20 mg R18 enzyme powder was 
approximately three times higher (372.7 ng/mg of corn bran) 
than that without enzyme (Fig. 4A). The production of FA by 
treatment with 20 mg R43 enzyme powder was approximately 2.5 
times higher (262.7 ng/mg of corn bran) than that without 
enzyme (Fig. 4A). 

The amount of FA produced by the enzymes combined with 
STX-I and STX-IV was approximately four times higher 
(652.8 ng/mg corn bran for R18; 582.4 ng/mg corn bran for 
R43) than that produced by combining only STX-I and STX-IV 
(Fig. 4B). These results suggest that STX-I and STX-IV supplied 
the substrate for R18 and R43 from the biomass. In addition, these 



results indicate that the FA from biomass increased due to a 
synergistic effect of STX-I, STX-IV, and either R18 or R43. 

Huang et al. [8] reported that pretreatment with xylanase 
followed by the addition of acetyl xylan esterase (AXE) from 
Thermobifida fusca increased the production of FA from biomass. 
As shown in Fig. 4C, the amount of FA production after 
pretreatment with STX-I and STX-IV for 12 h decreased as 
compared to that after combined treatment with the three 
enzymes (i.e., R18 or R43, STXT, and STX-FV) for 24 h. Our 
results suggest that the mechanism of FA release by R18 and R43 
is different from that by AXE. 

In addition, we tested the production of FA by R18 and R43 
from defatted rice bran and wheat bran (Fig. 5). The effect of R18 
or R43 single treatment on the production of FA from defatted 
rice bran was limited. When defatted rice bran was treated with 
the enzyme combination of STX-I and STX-IV in combination 
with either R18 or R43, the amount of FA from defatted rice bran 
increased by up to 6.7 times and 5.8 times, respectively (Fig. 5). 
The effect of R18 or R43 single treatment on FA production from 
wheat bran was similar to that of corn bran. In cases of both single 
and combination treatment, R18 significantly increased FA 
production from wheat bran as compared to R43 (Fig. 5). The 
treatment of STX-I and STX-IV was effective on FA production 
from wheat bran, and the addition of R18 or R43 to this treatment 
increased FA production (Fig. 5). The plant cell walls are 
constructed of proteins, starch, fibers and sugars, and the diversity 
of these compositions has observed among the plant species [24]. 
Moreover, FA is involved in plant cell walls as sugar modification 
with various forms [9]. Thus, the effect of Streptomyces FAEs 
might be different on the FA production from different biomass. 

Several isoforms of di-FA cross-link hemicellulose in the plant 
cell walls [25,26]. The release of di-FA is one of the indices for 
FAE classification [13,22,27]. We analyzed the extract from 
defatted rice bran treated with R18 and R43. The MS signal at 
m/z 195.2 corresponding to FA was detected in the extract from 
defatted rice bran treated with the combination of STX-I and 
STX-IV with R18 or R43, and the retention time was 2.28 min 
(data not shown). After the elution of FA, two peaks at m/z 385 
that were estimated as di-FAs were detected in the extract from 
defatted rice bran after both R18 and R43 single treatments 
(Fig. 6) and the enzyme combination of STX-I and STX-IV with 
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R18 or R43 (data not shown). Therefore, we suggest that R18 and 
R43 belong to type D FAEs. 

In contrast to FA, di-FAs were released by R18 and R43, 
independent of STX-I and STX-IV from defatted rice bran (Fig. 5 
and Fig. 6). In addition, the di-FAs released by R18 and R43 from 
corn bran and wheat bran were undetectable (data not shown). 
These results suggest that the di-FA released by treatment with 
R18 and R43 assisted the degradation of hemiceUulose of defatted 
rice bran by xylanase and a-L-arabinofuranosidase. The cooper- 
ation of these enzymes might lead to a synergistic effect on FA 
production. 

Conclusions 

R18 and R43, feruloyl esterases from Streptomyces sp., were 
identified by screening a library of Streptomyces esterases. Both 
enzymes belong to type D FAEs based on their substrate specificity 
and ability to release di-FA. After single treatment with either R18 
or R43, FA was released from corn bran and wheat bran. 
Moreover, the enzyme combination of R18 or R43 with xylanase 
and a-L-arabinofuranosidase from Streptomyces increased FA 
production from corn bran, defatted rice bran, and wheat bran. 

References 

1. Mathew S, Abraham TE (2004) Ferulic acid: An antioxidant found naturally in 
plant cell walls and feruloyl esterases involved in its release and their 
applications. Grit Rev Biotcchnol 24: 59-83. 

2. YanJJ, ChoJY, Kim HS, Kim KLJungJS, ct al. (2001) Protection against bcta- 
amyloid peptide toxicity in vivo with long-term administration of ferulic acid. 
Br J Pharmacol 133: 89-96. 

3. Sultana R, Ravagna A, Mohmmad-Abdul H, Calabresc V, Butterficld DA 
(2005) Ferulic acid ethyl ester protects neurons against amyloid beta-peptide (1— 
42)-induced oxidative stress and neurotoxicity: relationship to antioxidant 
activity. J Neurochem 92: 749-758. 

4. Di Domenico F, Perluigi M, Foppoli G, Blarzino C, Coccia R, et al. (2009; 
Protective effect of ferulic acid ethyl ester against oxidative stress mediated by 
UVB irradiation in human epidermal melanocytes. Free Radic Res 43: 365-375. 

5. Priefert H, Rabenhorst J, Steinbiichel A (2001) Biotcchnological production of 
vanillin. Appl Microbiol Biotechnol 56: 296-314. 

6. Rosazza JP, Huang Z, Dostal L, Volm T, Rousseau B (1 999) Review: 
biocatalytic transformations of ferulic acid: an abundant aromatic natural 
product. J Ind Microbiol 15: 457^71. 

7. Uraji M, Kimura M, Inoue Y, Kawakami K. Kumagai Y, et al. (2013) 
Enzymatic production of ferulic acid from delaltrd rice bran by using a 
combination of bacterial enzvmes. Appl Biochcm Biotechnol 171: 1085-1093. 

8. Huang YG, Ghen YF, C^hen i\\ , CJhen WL, Giou YP, et al. (201 1) Production of 
ferulic acid from lignocellulolytic agricultural biomass by Thermobifida fusca 
thermostable esterase produced in Yarrowia lipolytica transformant. Bioresour 
Technol 102: 8117-8122. 

9. Wong DW (2006) Feruloyl esterase a key enzyme in biomass degradation. Appl 
Biochem Biotechnol 133: 87-112. 

10. Faulds GB, Williamson G (1995) Release of ferulic acid from wheat bran by a 
ferulic acid esterase (FAE-III) from Aspergillus niger. Appl Microbiol Biotechnol 
43: 1082-1087. 

11. Koscki T, Takahashi K, Fushinobu S, lefuji H, Iwano K, et al. (2005) 
Mutational analysis of a feruloyl esterase from Aspergillus awamori involved in 
substrate discrimination and pH dependence. Biochim Biophys Acta 1722: 200- 
208. 

12. Koseki T, Furuse S, Iwano K, Matsuzawa H (1998) Purification and 
characterization of a feruloylesterase from Aspergillus awamori. Biosci 
Biotcchnol Biochcm 62: 2032-2034. 

13. Koscki T, Fushinobu S, Ardiansyah, Shirakawa H, Komai M (2009) 
Occurrence, properties, and applications of fcnilo\l esterases. Appl Microbiol 
Biotechnol 84: 803-810. 

14. Faulds CB, Williamson G (1991) The purification and characterization of 4- 
hydroxy-3-methoxycinnamic (ferulic) acid esterase from Streptomyces olivochro- 
mogenes.} Gen Microbiol 137: 2339-2345. 



Supporting Information 

Figure SI Multiple alignment of R18 and homologues 
from Streptotncyes sp. Amino acid sequences were aligned by 
GENETYX software (Tokyo, Japan) and the amino acid residues 
matched more than three are indicated in black boxes. 
(TIF) 

Figure S2 Multiple alignment of R43 and homologues 
from Streptotncyes sp. Amino acid sequences were aligned by 
GENETYX software (Tokyo, Japan) and the amino acid residues 
matched more than three are indicated in black boxes. 

(TIF) 

Figure S3 Time course of R18 and R43 FAE activity. 

Averages of three independent experiments are shown. Error bars 

represent SD. 

(TIF) 

Author Contributions 

Conceived and designed the experiments: MU TH. Performed the 
experiments: MU JA. Analyzed the data: MU. Contributed reagents/ 
materials/analysis tools: YI KH. Contributed to the writing of the 
manuscript: MU TH. 



15. Kheder F, Delaunay S, Abo-Chameh G, Paris C, MunigHa L, et al. (2009) 
Production and biochemical characterization of a type B ferulic acid esterase 
from Streptomyces ambofaciens. Can J Microbiol 55: 729-738. 

16. Bentlcy SD, Ghatcr KF, Cerdefio-Tarraga AM, Ghallis GL, 'Fhomson NR, et al. 
(2002) Gomplete genome sequence of the model actinomycetc Streptomyces 
coclicolor A3(2). Nature 417: 141-147. 

17. Ikeda H, Ishikawa J, Hanamoto A, Shinose M, Kikuchi H, et al. (2003) 
Complete genome sequence and comparative analysis of the industrial 
microorganism Streptomyces avermitilis. Nat Biotechnol 21: 526-531. 

18. Hatanaka T, Onaka H, Arima J, Uraji M, Uesugi Y, et al. (2008) pTONA5: a 
hyperexpression vector in Streptomycetes . Protein Expr Purif 62: 244—248. 

19. Tsujibo H, Miyamoto K, Kuda T, Minami K, Sakamoto T, et al. (1992) 
Purification, properties, and partial amino acid sequences of thermostable 
xylanases from Streptomyces thermoviolaceus OPC-520. Appl Environ Microbiol 
58: 371-375. 

20. Tsujibo H, Takada C, Wakamatsu Y, Kosaka M, Tsuji A, et al. (2002) Cloning 
and expression of an alpha-L-arabinofuranosidasc gene (stxlV) from Streptomy- 
ces thermoviolaceus OPC-520, and characterization of the enzyme. Biosci 
Biotechnol Biochem 66: 434-^38. 

21. Huang YC, Chen OH, Chen YF, Chen WL, Yang CH (2010) Heterologous 
expression of thermostable acetylxylan esterase gene from Thermobifida fusca 
and its synergistic action with xylanase for the production of xylooligosacchar- 
idcs. Biochcm Biophys Res Commnn 400: 718—723. 

22. Grepin VF, Faulds GB, Gonncrton IF ;20()4) Functional classification of the 
microbial feruloyl esterases. Appl Microbiol Biotcchnol 63: 647-652. 

23. Agger J, Vikso-Nielsen A, Meyer AS (2010) Enzymatic xylose release from 
pretrcated corn bran arabinoxylan: differential effects of deacetylation and 
dcferuloylation on insoluble and soluble substrate fractions. J A^ic Food Chem 
58: 6141-6148. 

24. Rose DJ, Patterson JA, Hamaker BR (2010) Structural differences among alkali- 
soluble arabinoxylans from maize {Zea mays), rice {Oryza sativa), and Wheat 
{Triticum aestivum) brans influence human fecal fermentation profiles. J Agric 
Food Chem 58: 493^99. 

25. Dobberstein D, Bunzel M (2010) Separation and detection of cell wall-bound 
ferulic acid dehydrodimers and dchvdrotrimcrs in cereals and other plant 
materials by reversed phase high-performance liquid chromatography with 
ultraviolet detection. J Agric Food C.^hcm 58: 8927 -8935. 

26. de () Buanafma MM (2009) Feruloylation in grasses; current and future 
perspectives. Mol Plant 2: 861-872. 

27. Topakas E, Vafiadi C, Christakopoulos P (2007) Microbial production, 
characterization and appHcations of feruloyl esterases. Process Biochem 42: 
497-509. 



PLOS ONE I www.plosone.org 



7 



August 2014 I Volume 9 | Issue 8 | e104584 



